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Comparative analysis of radial and axial
power output in relativistic magnetron and
effect of dielectric side-walls introduced in
the resonator on dominant operating mode
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A comparative analysis of radiated power in relativistic magnetron is done using particle-in-cell simulations performed on
Magic3d code developed by ATK Mission Systems. The Resonator with dielectric side-walls (DSW) is compared with
no-side wall (NSW) configuration having same input parameters and resonator dimensions. Observations and comments
have been made on the output power, obtained both axially and radially, taking into consideration p as well as 2p
modes of operation for both configurations. The DSW assist in p-mode operation at 3.3 GHz and delivers radial peak
power output of ~2.5 GW, which is more than ~1.5 GW, the radial peak power for the NSW case. The NSW case operates
in dominant 2p mode (radially) at 5.68 GHz with axial power radiated at dominant p-mode frequency. The electron kinetic
energies and their distribution in the cavity are discussed together with the dynamic behavior of particles, which result in
spokes formation.
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I . I N T R O D U C T I O N

A relativistic magnetron is an important high-power micro-
wave energy source. It can operate on a single-shot high-
voltage (HV) pulse of nanoseconds duration, as well as, on
multiple, short-duration HV pulses and produces output
power in the order of hundreds of megawatts to several giga-
watts [1, 2]. The magnetron under consideration is the MIT
A6 vane-type, although with modified cavity parameters.
Improvements in the power efficiency is reported in [3, 4],
using the method of axial power extraction with p as domin-
ant mode of operation. Most often, only the p-mode
frequency lies in the S-band (2–4 GHz) as the 2p-mode fre-
quency is nearly twice that of the p mode, hence, for
S-band operation it is desirable for magnetron to operate in
the p mode. The A6 magnetron operation having resonator
vanes partially loaded with low-loss dielectric material has
been reported in [5, 6], operating in 2p mode with high
radial output power and low start up time in comparison to
the unfilled side resonators. The motivation of this paper is
to study the design aspects of a relativistic magnetron and

comment on the radiated output power both in the axial
and radial directions.

A modified configuration of relativistic magnetron with
axial power output or diffraction output has been proposed
in [7] and three-dimensional particle-in-cell simulations
using simulation-code MAGIC were carried out to demon-
strate the effectiveness of the modified configuration. Power
in relativistic magnetrons is extracted radially through single
or multiple iris of different width. In [8], it has been shown
that in general output power and efficiency increase approxi-
mately linearly with increasing iris width until the total Q
becomes too low. Beyond this point, mode competition or
switching occurs and efficiency decreases.

I I . T H E O R E T I C A L B A C K G R O U N D

The schematic of a typical A6 magnetron is shown in Fig. 1.
The anode consists of vanes and slots and forms the slow-
wave structure (SWS), which makes the RF wave inside to res-
onate and grow [9]. The SWS is different from a fast-wave
structure (FWS), as a FWS has phase velocity greater than
the speed of light. The fundamental mode frequency is deter-
mined by the capacitive and inductive values of the SWS. For a
six vane magnetron (N ¼ 6) there exist six operating modes
(n ¼ 1, 2,. . .,6), with N/2 being the p mode and n ¼ 6, the
2p mode.
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In [10], theoretical formula for p-mode frequency based on
equivalent circuit method has been derived as a function of
structure dimensions. Also, in [1] equivalence of admittance
of the resonator vanes and anode–cathode (AK) cylindrical
gap region is used to obtain resonant frequency for various
modes of magnetron operation. The fundamental modes
are considered to be the p and 2p as all other modes are
degenerate modes [2].

For a given voltage, the applied magnetic field must be large
enough to form the initial electron sheath (Brillouin layer)
around the cathode without allowing breakdown of the AK
gap. The Brillouin sheath originates from cathode and
extends to some distance (hub) toward the anode. The RF
fields in the SWS cause instabilities in the sheath by means
of Reyleigh instabilities [10, 11]. The critical magnetic field
to prevent breakdown of the AK gap is called the Hull field,
given as [2],

BHull =
mc
ed

��������
g2 − 1

√
, (1)

where, m and e are the electron mass and charge, c is the vel-
ocity of light, V is the applied voltage, d ¼ (ra

2 2 rc
2)/2ra is

the effective AK gap and g ¼ 1 + eV/mc2. A formula for
high-power magnetron efficiency with full-relativistic effects
(changes in g) is derived and discussed in [12].

The electric field (Er) causes radial motion to the electrons
in a straight line from cathode to anode, whereas, the magnet-
ic field (Bz) causes azimuthal rotation. The effective velocity of
electron (ve) for resonance is given as,

vph = rav

n
≈ ve =

Er

Bz
, (2)

where, v is the angular frequency, vph is the phase velocity of
SWS and n is the mode number.

There should be a maximum threshold field Bz to allow res-
onance between moving electrons and the SWS. The relation-
ship between the applied voltage and the magnetic field at
such threshold is called the Bunemann–Hartree condition,

given as,
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The operating point for the device must lie between the Hull
and Hartree curves for a particular mode. The input voltage
and the preset magnetic field intensity, is obtained by the
Hull and Bunemann–Hartree criteria (V–Bz plot) [2].

There is a significant influence of the structural aspect
ratio, a in selecting the mode of operation. Generally accepted
[13] criteria is that small a devices (a , 1) tend to operate in
single mode at p-mode frequency. The tendency to operate in
multimode grows at higher a-values, and large-a devices can
simultaneously support a number of different modes includ-
ing p and 2p, etc. Also, to keep magnetic field values below
certain threshold (0.6 Tesla in this paper), the AK gap needs
to be increased from the MIT A6 values, if voltage of operation
is to be kept at a certain constant value. The increase in AK
gap also assists in the three-spoke formation (p mode).

I I I . S I M U L A T I O N A N D R E S U L T S

The resonant structure of relativistic magnetron consists of six
cavities with an azimuthal spacing of 608. The radius of
cathode (rc) and radius of anode (ra) are 1.2 and 2.0 cm,
respectively. The AK gap is 0.8 cm, resonator vane depth is
2 cm and the length of the resonator in the z-direction is
7.2 cm. The cross-sectional schematic of the three-
dimensional model of A6 relativistic magnetron is shown in
Fig. 2.

The operating voltage is set to 400 kV and 0.58 T magnetic
field strength is applied to the total simulation volume, which
is in accordance with the operating region from the V–Bz

curves for Hull and Bunemann–Hartree conditions for the
p-mode operation. The radial power is observed at an open
vane, whereas, a probe is used for axial extraction. Copper is
used as material for cathode as well as anode. The dielectric
side-wall (DSW) is of porcelain to withstand high electrical
stresses.

Fig. 2. Schematic representation of the relativistic magnetron with DSW (six
vanes).

Fig. 1. Basic schematic of the A6 magnetron resonator.
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The results are categorized into four sub-sections. Section
A demonstrates the particle phase space and formation of
modes (spokes) for both configurations, relativistic magnetron
with DSW and no-side wall (NSW) cases. Section B compares
the radial output powers and corresponding dominating fre-
quencies. Time–frequency analysis has also been done to dem-
onstrate the time of occurrence and sustained frequency
components. Section C is similar to the second just that
axial power outputs are analyzed. Section D deals with the
particle characteristics including their distribution and ener-
gies at different modes of operation.

A) Particle phase space and mode formation
The phase space of particles inside the magnetron with DSW
at 50 ns is shown in Figs 3(a) and 3(b). As discussed earlier,
fixing the operating point (voltage and magnetic field values)
from V–Bz curve for a certain mode or frequency is critical,
as different modes operating at different frequencies might
lie in the same operating region leading to mode-competition
and reduced efficiencies. Figure 3 shows a dominant three-
spoke formation, with no particles escaping out of the reson-
ator in axial direction due to the introduction of DSW.

The phase velocity of the SWS is increased by the introduc-
tion of DSW and so is the resonant frequency for the domin-
ant modes. The resonant frequencies for p and 2p modes are
~3.3 and 6.6 GHz, respectively. For the same operating point
(400 kV, 0.58 Tesla), NSW case shows six-spokes forming
inside the resonator at 50 ns (Figs 4(a) and 4(b)). Here,
more electrons are escaping out in the axial direction. The res-
onant frequencies for p and 2p modes are ~2.84 and
5.68 GHz, respectively.

Although, the applied HV pulse is of 400 kV, the effective
voltage observed at the source is 500 kV for DSW case and
approximately 450 kV for NSW case. As a result, the electron
velocity increases as per equation (2) so as to follow the
increased RF phase velocity of the SWS. The fourier transform
(FFTs) of the source voltages show that dominant frequency
for the DSW case is the p-mode frequency of 3.3 GHz,
whereas, for NSW case it is the 2p mode which is dominant
with frequency 5.68 GHz.

B) Radial power output
The radial power has been calculated in a single vane through
a 72 mm × 16.6 mm rectangular section. Although there is

Fig. 3. (a) Particle phase space at 50 ns for DSW (r–phi plane). (b) Particle phase space at 50 ns for DSW (z–r plane).

Fig. 4. (a) Particle phase space at 50 ns for NSW (r–phi plane). (b) Particle phase space at 50 ns for NSW (z–r plane).
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Fig. 5. (a) Radial power output (DSW). (b) Time–frequency relation showing dominant pi mode frequency 3.3 GHz (DSW).

Fig. 6. (a) Radial power output (NSW). (b) Time–frequency relation showing dominant 2p mode frequency 5.68 GHz (NSW).
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mode competition observed in DSW case, the dominant
mode is the p mode with peak output power ~2.5 GW and
average power around 900 MW (Fig. 5(a)) is observed
which is greater than the NSW case operating at dominant
2p frequency with peak power ~1.5 GW and average
power around 600 MW (Fig. 6(a)). Figure 5(b) shows the
time–frequency plot for DSW case to analyze the frequency
content of the radiated power in time. This can be compared
with the time–frequency plot of radiated power for NSW
case shown in Fig. 6(b).

The FFTs of the radial power for both the cases is
compared in Fig. 7 and the dominant frequencies for DSW
and NSW cases can be distinguished. There is a clear
indication that the introduction of DSW tend to pull-back
the operation mode from 2p to p resulting in more output
power being observed at radial port. The time–frequency
spectrogram (Fig. 5(b)) give further insight into the existing
modes.

C) Axial power output
The average axial power from Fig. 8(a) (~20 MW) is nearly
one-fifth of the NSW case (Fig. 9(a)). Although the dominant
frequency is of 2p mode, various modes coexist (Fig. 8(b))
causing reduction in radiated power. An interesting observa-
tion is that the axial power for NSW case is at dominant p
mode, which is in contradiction with the radial power radiated
at dominant 2p mode and formation of six spokes (Fig. 9(b)).

One reason may be the inappropriate axial radiation cross-
section area and the probe geometry. In spite of the contradic-
tion, a major observation is that the radial power is generally
more than the axially radiated power whether magnetron is
operating in p or 2p mode or DSW are introduced or not.
Although, the axial power for NSW case is radiated at domin-
ant p mode, there co-exists the 2p mode as clear from Figs
9(b) and 9(c).

D) Electron motion
The average energy of the particles [14] within the volume is
calculated by the relation,

Energy =
∑

i
gi − 1
( )

× mc2Ni/
∑

I
Ni, (4)

which refers to statistical moments of sums and products of
the particle’s position and momentum variables in Cartesian
coordinates. These statistical quantities are renormalized to
the total number of physical particles. The average energy of
all particles over the 100 ns simulation runtime lies between
100 and120 keV for both cases, with energy values being
slightly higher for DSW case (~5 keV).

The comparison between the frequency of particles is
shown in Fig. 10(a). Note the dominance of p-mode

Fig. 7. FFT of the radial power output for DSW and NSW, showing
comparison of dominant frequency components.

Fig. 8. (a) Axial power output (DSW). (b) FFT of axial power output (DSW). (c) Time–frequency relation of axial power output showing existence of various
modes (DSW).
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frequency for the DSW case. The distribution of particles in
the resonator for DSW case at 30 ns is shown in Fig. 10(b).
The three peaks demonstrate the formation of three spokes.

I V . C O N C L U S I O N

Introduction of DSW show improvement in p-mode oper-
ation and peak radial power output. The motivation is to
remove the ambiguity in spoke formation and its connection
with the peak powers obtained. Radial power extraction is
supposed to give better power efficiency as compared to
axial extraction, whatever be the mode of operation p or
2p. Study of the electron motion and patterns in their
characteristics is the key to the operation of electron devices
such as relativistic magnetron and computer-based simula-
tions aid in getting that insight.
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